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Olfactory sensory neurons (OSNs) which express a member from the OR37 subfamily
of odorant receptor (OR) genes are wired to the main olfactory bulb (MOB) in a unique
monoglomerular fashion; from these glomeruli an untypical connectivity into higher brain
centers exists. In the present study we have investigated by DiI and transsynaptic tracing
approaches how the connection pattern from these glomeruli into distinct hypothalamic
nuclei is organized. The application of DiI onto the ventral domain of the bulb which
harbors the OR37 glomeruli resulted in the labeling of fibers within the paraventricular
nucleus (PVN) and supraoptic nucleus (SO) of the hypothalamus; some of these fibers
were covered with varicose-like structures. No DiI-labeled cell somata were detectable in
these nuclei. The data indicate that projection neurons which originate in the OR37 region
of the MOB form direct connections into these nuclei. The cells that were labeled by the
transsynaptic tracer WGA in these nuclei were further characterized. Their distribution
pattern in the paraventricular nucleus was reminiscent of cells which produce distinct
neuropeptides. Double labeling experiments confirmed that they contained vasopressin,
but not the related neuropeptide oxytocin. Morphological analysis revealed that they
comprise of magno- and parvocellular cells. A comparative investigation of the WGA-
positive cells in the SO demonstrated that these were vasopressin-positive, as well,
whereas oxytocin-producing cells of this nucleus also contained no transsynaptic tracer.
Together, the data demonstrates a connectivity from OR37 expressing sensory neurons
to distinct hypothalamic neurons with the same neuropeptide content.
Keywords: olfaction, OR37, paraventricular nucleus, supraoptic nucleus, vasopressin, wiring
INTRODUCTION
Numerous vital behaviors such as the finding of food sources,
avoiding predators, and recognizing conspecifics are triggered
by olfactory cues. In mammalian species, the relevant odorous
molecules are detected by specialized olfactory sensory neurons
(OSNs) which are organized in structurally and functionally dis-
tinct chemosensory subsystems [for reviews see (Breer et al., 2006;
Ma, 2007; Munger et al., 2009)]. One special subsystem is located
within the main olfactory system (MOS) and is formed by the so-
called OR37 subfamily of odorant receptors (ORs) (Strotmann
et al., 1992). This type of OR is structurally unique due to an
insertion of six amino acids in its third extracellular loop (Kubick
et al., 1997); furthermore, it exists exclusively in mammalian
species (Hoppe et al., 2006), and against the general trend for
ORs, the various OR37 subtypes are highly conserved among each
other and across species borders from opossum to human (Hoppe
et al., 2006). These features have led to the speculation that the
OR37 subsystem may be tuned to detect special chemical com-
pounds, which might be particularly relevant for mammals. In
fact, we have recently demonstrated that the OR37 receptors are
specifically activated by long-chain fatty aldehydes (Bautze et al.,
2012); these compounds are extremely hydrophobic and were
never described as active ligands for any other ORs in previous
studies.
These aspects raise the question whether the information
received via the OR37 sensory cells may also be processed in the
brain in a way that differs from that of general OSNs. Indeed, the
visualization of axonal projections from OSNs expressing defined
OR37 receptors into the main olfactory bulb (MOB) has revealed
that they target only a single glomerulus (Strotmann et al., 2000),
a pattern which is clearly different from that of most other OSN
populations which typically send their axons to two glomeruli
[for recent reviews see (Imai et al., 2010; Sakano, 2010; Mori and
Sakano, 2011; Murthy, 2011)]. Interestingly, the glomeruli for the
different OR37 subtypes were found to be grouped together in the
ventral domain of the MOB, a region which is believed to play a
role in the processing of socially relevant olfactory cues (Schaefer
et al., 2001, 2002; Lin et al., 2007). Using DiI and a genetic trac-
ing approach we have recently provided first data showing that
also the connectivity from a defined OR37 glomerulus into higher
brain centers is organized in a special manner (Bader et al., 2012).
In contrast to the prevailing principle that projection neurons
from the MOB, the mitral/tufted (M/T) cells, send their axons to
the piriform cortex, the anterior olfactory nucleus or the cortical
amygdala which together form the olfactory cortex, a connec-
tivity between an OR37 glomerulus and the medial amygdala
(Me) was discovered. This finding is particularly notable since
the Me receives input primarily from a different chemosensory
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subsystem, the accessory olfactory system (Kevetter and Winans,
1981) which is involved in the processing of pheromonal infor-
mation (Halpern and Martinez-Marcos, 2003). The connectivity
from the OR37 glomerulus was found to be confined to even a
particular subregion of the Me, namely the posterior-dorsal sub-
nucleus (MePD). These data thus provided first evidence that the
projection from the OR37 subsystem into higher brain centers is
in fact different from the general design of the MOS.
Our data have indicated that in addition to the special relay
into the amygdaloid complex, a connection between the OR37
glomerulus and distinct hypothalamic nuclei, the supraoptic
nucleus (SO), and the paraventricular nucleus (PVN) seems to
exist. It remained unclear in these cases, however, whether the
connectivity into these regions is made up directly by the axons
of projection neurons originating from an OR37 glomerulus, or
indirectly via for example the amygdala. Furthermore, toward an
insight into the functional relevance of this connection, the iden-
tification of the cell type(s) to which it is formed, is an essential
step. It was therefore the aim of the present study to further char-
acterize the type of connectivity between the OR37 system and
these particular hypothalamic nuclei.
MATERIALS AND METHODS
EXPERIMENTAL ANIMALS
All procedures were approved by the local authorities. Animals
were kept at the University of Hohenheim transgenic core facil-
ity; housing conditions fulfil the animal welfare guidelines. Two
different mouse strains were used carrying a targeted mutation
of IRES-tauGFP either at the OR37C-locus or at the OR37A-
locus (short: OR37-ITGFP) (Strotmann et al., 2000). Additionally
the previously generated mouselines were used that carry an
OR37C-IRES-WGA transgene (Bader et al., 2012). For tissue
preparations adult animals (minimum 8 weeks) were killed by
cervical dislocation and subsequent decapitation as approved
by the regional administrative authority (Regierungspräsidium
Stuttgart # S136/02 Phy).
NEURONAL TRACER APPLICATION
After decapitation of OR37-ITGFP mice the bones covering
the dorsal aspects of the brain and the tip of the nose were
removed. Subsequently the palatal bones were split just behind
the most caudal teeth and the nasal turbinates were carefully
separated from the olfactory bulb with a forceps. Thereby the
ventral surface of the olfactory bulb was exposed. In OR37-
ITGFP mice the glomeruli innervated by OR37A− or OR37C-
expressing neurons, respectively, could be identified by their
bright GFP-fluorescence that was visualized using a stereomicro-
scope (SterREO Lumar.V12; Zeiss) equipped with appropriate
filters. A microneedle was used to place a small DiI crys-
tal (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine per-
chlorate; Molecular Probes) precisely onto these glomeruli.
The extent of the application site was controlled by visualiz-
ing the fluorescence of the DiI crystal with appropriate filters.
Immediately after tracer application, specimens were placed in
4% paraformaldehyde (in 150mM phosphate buffer, pH 7.4)
and incubated overnight at 4◦C. Subsequent incubation was
performed at 37◦C in the dark for several (12 or 26) weeks.
Afterwards the bones covering the ventral side of the brain were
removed. Finally, 4% agarose (Genaxxon) was melted in 1×
phosphate buffered saline (PBS) (0.85% NaCl, 1.4mM KH2PO4,
8mM Na2HPO4, pH 7.4) and brain tissue was embedded in this
substrate. After polymerization of the agarose the specimens were
prepared for subsequent sectioning.
SECTIONING OF NEURONAL TRACER SPECIMENS
Free-floating sections (60µm) were generated using a VT1000S
vibrating microtome (Leica Microsystems). Consecutive sections
were transferred to individual cups of 24-well plates supplied with
1× PBS and residual agarose was removed. Every other section
was immediately mounted onto “Star Frost” microscope slides
(Knittel Gläser), covered with MOWIOL (13%Mowiol 4-88, 33%
Glycerin, 130mM Tris, pH 8.5) and a coverslip (Menzel Gläser).
The corresponding sections were used for immunohistochemical
stainings.
IMMUNOHISTOCHEMISTRY ON FREE-FLOATING SECTIONS
For labeling of vasopressinergic neurons on free-floating sections,
mouse anti-neurophysin-vasopressin antibody (PS41; kindly pro-
vided by Dr. Harold Gainer; NIH; Bethesda; USA) was diluted
1:100 in 0.3% Tween-20/ 1× PBS containing 10% normal donkey
serum (NDS; Jackson ImmunoResearch). Sections were incu-
bated with the diluted primary antibody overnight at 4◦C.
After three rinses for 5min in 1× PBS, the bound primary
antibodies were visualized using appropriate secondary anti-
bodies conjugated to Alexa 488 (Invitrogen) diluted in 0.3%
Tween-20/ 1× PBS containing 10% NDS for 2 h at room tem-
perature. After washing three times for 5min in 1× PBS the
sections were rinsed with distilled water, transferred onto “Star
Frost” microscope slides (Knittel Gläser) and finally mounted in
MOWIOL.
TISSUE PREPARATION FOR CRYOSECTIONING
After decapitation all bones of the head surrounding the brain
and the nasal turbinates were excised. The specimens were fixed
by immersion in 4% paraformaldehyde (in 150mM phosphate
buffer, pH 7.4) for 1 and 4 h on ice. Subsequently the tissue was
cryoprotected by incubation in 25% sucrose/ 1× PBS overnight
at 4◦C. Finally, the tissue was embedded in “Tissue Freezing
Medium” (Leica Microsystems) and frozen on dry ice or liquid
nitrogen.
CRYOSECTIONING
Cryosections (10 to 12µm) were generated using a CM3050S
cryostat (Leica Microsystems) and mounted onto “SuperFrost”
microscope slides (Menzel Gläser).
NISSL STAINING
After drying cryosections for approximately 1 h at 37◦C, the
slides were transferred to a glass container containing 1:1 chlo-
roform/ethanol and incubated over night at room temperature.
Subsequently sections were rehydrated via a series of ethanol dilu-
tions (5min in 100% ethanol; 5min in 95% ethanol; 5min in
70% ethanol) followed by a final incubation in distilled water.
Staining was performed for 15min in 0.1% Cresyl Violet at
55◦C. Residual dye was removed via a short rinse in distilled
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water. Subsequently sections were again dehydrated (3min in
95% ethanol; 10min in 100% ethanol) and tissue was cleared
with incubation in Xylol for 10min. Finally sections were air
dried and mounted in Vectamount mounting medium (Vector
Laboratories).
IMMUNOHISTOCHEMISTRY
For immunohistochemical experiments cryosections were air
dried and rinsed in 1× PBS for 10min. For single and
double labeling experiments primary antibodies [mouse anti-
neurophysin-vasopressin antibody (PS41) 1:50; rabbit anti-
vasopressin (VA4) 1:300; rabbit anti-oxytocin (VA10) 1:1000
(all kindly provided by Dr. Harold Gainer; NIH; Bethesda;
USA); goat anti-WGA 1:300 (Vector Laboratories)] were diluted
in 0.3% Triton X-100/1× PBS containing 10% NDS. Sections
were incubated with the diluted primary antibodies overnight
at 4◦C. After three rinses for 5min in 1× PBS, the bound
primary antibodies were visualized using appropriate sec-
ondary antibodies conjugated to Alexa 488 (Invitrogen) or Cy3
(Jackson ImmunoResearch) diluted in 0.3% Triton X-100/1×
PBS containing 10% NDS for 2 h at room temperature.
After washing three times for 5min in 1× PBS the sec-
tions were rinsed with distilled water and finally mounted in
MOWIOL.
ANALYSIS, MICROSCOPY, AND PHOTOGRAPHY
Whole mount preparations of the olfactory bulb were analyzed
using a SterREO Lumar.V12 (Zeiss) equipped with appropriate
filters. Images were captured using a “Sensi-Cam” CCD-camera
(PCO-imaging). Free-floating sections were analyzed for DiI-
fluorescence and immunofluorescence on consecutive sections,
respectively, using an inverted confocal laser scanning micro-
scope (LSM 510 Meta; Zeiss) equipped with a Plan-Neofluar
10×/0.3 objective (Zeiss) and a C-Apochromat 63×/1.2W corr.
objective (Zeiss); digital images were processed in the Zeiss AIM
510 software and represent projections of Z-stacks. Cryosections
were analyzed using an Axiophot microscope (Zeiss) equipped
with Plan-Neofluar 10×/0.3, Plan-Neofluar 20×/0.5 and Plan-
Neofluar 40×/0.75 objectives (Zeiss); images were captured using
an Axiocam (Zeiss) for transmitted light and a “Sensi-Cam”
CCD-camera (PCO-imaging) for fluorescent images. Pictures
were arranged using PowerPoint (Microsoft). Brightness and con-
trast were adjusted for the whole images. Morphological struc-
tures in the mouse brain were identified according to the mouse
brain atlas of Paxinos and Franklin (2001).
RESULTS
To address the question whether a direct cellular connectivity
from an OR37 glomerulus into the PVN of the hypothalamus
may exist, we exploited the fact that the lipophilic dye molecule
DiI, when inserted into the plasma membrane of a given cell,
spreads by lateral diffusion within the processes of this partic-
ular cell; such an approach has been used in previous studies
to unravel the direct connectivity between defined brain regions
(Godement et al., 1987; Honig and Hume, 1989). The fluores-
cently labeled OR37 glomerulus in our OR37-ITGFP transgenic
mouse lines (Figure 1A) (Strotmann et al., 2000) served as a
FIGURE 1 | DiI-labeling in the paraventricular nucleus of the
hypothalamus after tracer application onto the OR37 glomerulus.
(A) Whole-mount preparation of the olfactory bulbs from an OR37-ITGFP
mouse. A single fluorescent glomerulus (green) is visible on the ventral
surface of each bulb. Scale bar: 1mm. (B) A DiI crystal (red) was deposited
on the fluorescent glomerulus. Scale bar: 1mm. (C) Schematic
representation of a section through the mouse brain [adapted from Paxinos
and Franklin (2001)]. The position of the section along the anterior–posterior
axis is indicated on the inset. The interval of the lattice is 1mm. Several
distinct nuclei are indicated. The red arrow highlights the paraventricular
nucleus. 3V, third ventricle; ACo, anterior cortical amygdala; BAOT, bed
nucleus of the accessory olfactory tract; CxA, cortex-amygdala transition
zone; MeAD, medial amygdala anterior-dorsal part; opt, optic tract; Pir,
piriform cortex; PVN, paraventricular nucleus; SO, supraoptic nucleus. (D)
Confocal image of a tissue section through the paraventricular nucleus.
Vasopressinergic cells are stained with a specific antibody
(anti-neurophysin-vasopressin). According to this cell population the extent
of the nucleus close to the third ventricle (3V) can be estimated (dotted
lines) and is transferred to the neighboring section shown in (C). Pinhole
size: 70µm. Scale bar: 100µm. (E) On the neighboring section distinct
DiI-labeled fibers are located in the paraventricular nucleus after application
of a DiI-crystal onto the OR37 glomerulus and subsequent incubation for 12
weeks. Pinhole size: 80µm. Scale bar: 100µm. (F) DiI-labeled fibers in the
paraventricular nucleus of an individual 26 weeks after dye application. The
arrow highlights the fiber shown on the inset. At high magnification,
multiple ramifications and varicose-like swellings along the fiber are visible.
Pinhole size: 80µm; inset: 87µm. Scale bar: 100µm; inset: 10µm.
landmark for the deposition of a dye crystal (Figure 1B), antici-
pating that the dye would get into contact with the dendrites of
projection neurons which are associated with OR37 glomeruli.
After an appropriate incubation time of the tissue, serial sections
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through the hypothalamus were analyzed. The PVN can be rec-
ognized due to its position in close vicinity to the third ventricle
(Figure 1C); however, for an unambiguous identification we used
the fact that it contains, amongmany others, arginine-vasopressin
(AVP)-producing neurons (Kadar et al., 2010; Biag et al., 2012).
Immunohistochemical analyses of serial sections through the
hypothalamus in fact revealed AVP-positive cells within a well
circumscribed region close to the third ventricle (Figure 1D),
thereby delineating the nucleus. Every other section was exam-
ined for the presence of DiI-fluorescence. Close inspections
revealed DiI-labeled filamentous structures within the region of
the AVP-positive cells (Figure 1E); they were sparsely dispersed
throughout the corresponding region. After a longer incubation
time, a picture as representatively shown in Figure 1F emerged. At
high magnification, ramifications of the fiber-like structures with
small terminal-like endings were visible; many of them were cov-
ered with varicose-like elements, indicating a possible en passant
synaptic arrangement with cells within the PVN. The application
of DiI onto the OR37 glomerulus in the MOB thus clearly labeled
fibers in this particular hypothalamic nucleus (n = 6); a close
examination of the nucleus revealed no staining of cell bodies.
Together these results support the concept that a direct connec-
tivity between the OR37 region of MOB and this hypothalamic
nucleus exists which is formed by the axonal processes of projec-
tions neurons which are situated at the site of dye application at
the OR37 glomeruli.
To examine whether OR37 M/T-cells also project directly to
the SO, we examined this region after placement of the DiI-
crystal onto the fluorescent OR37 glomerulus. The SO can be
found at the ventral base of the brain in immediate vicinity to
the optic tract (see Figure 2A). Also in this case, we made use of
the fact that it contains AVP-producing neurons to unequivocally
identify it (Ludwig et al., 2005). By using an immunohisto-
chemical approach, a densely packed group of AVP-positive cell
bodies could be visualized in neighborhood to the optic tract
(Figure 2B). Consecutive sections were examined for the presence
of the dye. In contrast to the rather sparse staining in the PVN, a
thicker bundle of DiI-positive fibers was visible extending to the
portion of the SOwhere the corresponding cell somata are located
(Figure 2C) (n = 6). These data thus provided evidence that also
the SO of the hypothalamus receives direct input from M/T-cells
originating at the OR37 region of the MOB.
Regarding the functional role of the relays between the OR37
region of the MOB and these hypothalamic nuclei, the knowl-
edge about the cell type(s) to which this connection is formed, is
an essential step. To address the question we used our previously
generated transgenic mouse lines in which OR37C expressing
sensory neurons coexpress the transsynaptic markerWGA (Bader
et al., 2012); in these transgenic mice the cells in the hypothala-
mus to which this marker is transferred can be identified by their
WGA-immunoreactivity, whereas in wild type animals no such
labeling is visible (data not shown). The PVN is one of the most
complex and heterogeneously organized nuclei of the brain; its
major function is the secretion of diverse neuropeptides which
are produced in distinct cell populations (Kadar et al., 2010; Biag
et al., 2012). To reduce the experimental expense necessary for
a molecular phenotyping of the WGA-immunoreactive cells, we
FIGURE 2 | DiI-labeled fibers in the supraoptic nucleus of the
hypothalamus. (A) Schematic representation of a section through the
mouse brain [adapted from Paxinos and Franklin (2001)]. The position of the
section along the anterior–posterior axis is indicated on the inset. The
interval of the lattice is 1mm. Several distinct nuclei are indicated. The red
arrow highlights the supraoptic nucleus. 3V, third ventricle; ACo, anterior
cortical amygdala; BAOT, bed nucleus of the accessory olfactory tract; CxA,
cortex-amygdala transition zone; MeAD: medial amygdala anterior-dorsal
part; opt, optic tract; Pir, piriform cortex; PVN, paraventricular nucleus; SO:
supraoptic nucleus. (B) Confocal image of a cross section through the
supraoptic nucleus. Vasopressinergic cells are stained with a specific
antibody (anti-neurophysin-vasopressin). According to this cell population
the position of this particular hypothalamic nucleus close to the optic tract
can be exactly determined. Pinhole size: 70µm. Scale bar: 100µm.
(C) After application of DiI onto the OR37 glomerulus a prominent bundle of
labeled fibers can be visualized on the neighboring tissue section.
Comparing the two staining patterns shows that the DiI-labeled fibers
extend up to the somatic portion of the supraoptic nucleus (arrow). Pinhole
size: 80µm. Scale bar: 100µm.
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first exploited the fact, that the PVN is not homogenously packed
with neurons and those cells producing the different neuropep-
tides are not evenly distributed, but arranged in characteristic
patterns (Biag et al., 2012). In a first approach the distribution
of WGA-immunoreactive cells within the PVN was systemati-
cally analyzed (n = 2). By combining the anti-WGA immuno-
histochemistry with Nissl staining, it became evident that no
WGA-immunoreactive cells were found within the periventric-
ular part of the PVN, where the cell density is typically low
(as shown on the representative sections in Figure 3). Since this
part of the nucleus is occupied by the somatostatin-producing
cells (Biag et al., 2012), these were considered as unlikely can-
didates. Cells with WGA-immunoreactivity were restricted to
the remaining major portion of the PVN, where the cell den-
sity is high (Figures 3A–D). A detailed mapping revealed that
at the most rostral level, the WGA-immunoreactive cells tended
to cluster in the ventral part of the densely packed major por-
tion of the PVN (Figure 3A). At the mid rostro-caudal extent
they were located predominantly in the dorsal half (Figure 3B)
and at the most caudal level in the dorsolateral part (Figures 3C
and D). This particular pattern within the PVN is most reminis-
cent to the previously described distribution of cells producing
either AVP or oxytocin (Oxy) (Biag et al., 2012). We therefore
concluded that WGA-positive cells in the PVN may represent
vasopressinergic, oxytonergic, or a mixture of both cell types.
To scrutinize this hypothesis, double labeling experiments using
the anti-WGA antibody in combination with antibodies against
the two peptides were performed. Distinct populations of oxy-
tonergic (Figure 4A) or vasopressinergic (Figure 4D) cells could
be visualized by this approach. On the same sections multi-
ple WGA-positive cells could be observed (Figures 4B and E).
An overlay of these stainings demonstrates that with the anti-
oxytocin antibody hardly any of these cells was double labeled
(Figure 4C). In contrast, most (95.4% ± 1.4%; n = 3; mean
± standard deviation) of the AVP-producing cells were double
labeled using the anti-WGA antibody (Figure 4F). These results
showed that cells in the PVN which are labeled by the transsy-
naptic marker are vasopressinergic, but not oxytonergic. Previous
studies have shown, that also the SO of the hypothalamus is
composed of AVP- and Oxy-producing cell populations (Sabatier
et al., 2003; Ludwig et al., 2005), raising the question, to which cell
type in this nucleus the connectivity from the OR37C glomeru-
lus is formed. The staining with specific antibodies against Oxy
or AVP, respectively, visualized distinct populations in the SO
(Figures 5A and D). On the same sections numerous WGA-
positive cells could be visualized (Figures 5B and E). An over-
lay of the anti-WGA and the anti-oxytocin immunoreactivity
(Figure 5C) revealed hardly any double labeled cells. In contrast,
the AVP- and WGA-immunoreactivity almost completely over-
lapped (Figure 5F). These results thus showed that also in the SO,
the transsynaptic marker labeled vasopressinergic cells, whereas
oxytonergic cells were not stained. Thus, the connections from
the OR37C glomerulus are formed to cells producing AVP in both
nuclei.
Previous studies have shown that vasopressinergic cells in
the SO represent a homogenous group of large, so-called mag-
nocellular neurons (Castel and Morris, 1988), which project
FIGURE 3 | Spatial organization of the WGA-immunoreactive cells in
the paraventricular nucleus. (A–D) Nissl-stained cross sections through
the paraventricular nucleus (PVN). The third ventricle (3V) is indicated by the
continuous line. The dashed lines mark the extent of the paraventricular
nucleus and separate the periventricular part (pv) from the major
portion (mp) of the nucleus. These divisions are transferred to the
respective neighboring sections shown in (A′–D′). (A′–D′) All along the
anterior–posterior axis of the paraventricular nucleus, no
WGA-immunoreactivity can be observed in the periventricular part.
WGA-immunoreactive cells are located in the major portion of the nucleus.
In the rostral part these cells are clustered in the ventromedial subdivision,
at more caudal levels the WGA-immunoreactivity is predominantly located
in dorsolateral parts. All pictures represent wide field images. The spacing
between the sections from different areas along the anterior-posterior axis
is approximately 60–96µm, respectively. Scale bars: 50µm.
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FIGURE 4 | Transsynaptic labeling of vasopressinergic neurons in the
paraventricular nucleus. (A–C) Cross section through the paraventricular
nucleus. By means of a specific anti-oxytocin antibody, multiple oxytonergic
neurons can be visualized in close vicinity to the third ventricle (3V) (A; red).
On the same section WGA-immunoreactive cells can be observed (B;
green). Merging the two pictures (C) reveals that oxytonergic neurons are
not labeled by the transsynaptic marker. Scale bars: 50µm. (D–F) Tissue
section through the paraventricular nucleus. After staining with an
anti-vasopressin antibody, neurons are visible near the third ventricle (3V)
(A; red). WGA-immunoreactive cells are located on the same section (B;
green). Merge of pictures (A) and (B) reveals that vasopressinergic cells are
labeled by the transsynaptic marker (C; yellow). Scale bars: 50µm. Higher
magnifications are shown on the insets. Scale bars: 25µm. All pictures
represent wide field images.
FIGURE 5 | Transsynaptic labeling of vasopressinergic neurons in the
supraoptic nucleus. (A–C) Cross section through the supraoptic nucleus.
By means of a specific anti-oxytocin antibody, multiple oxytonergic neurons
can be visualized near the optic tract (opt) (A; red). On the same section
WGA-immunoreactive cells can be observed (B; green). Merging the two
pictures (C) reveals that oxytonergic neurons are not labeled by the
transsynaptic marker. Scale bars: 50µm. (D–F) Tissue section through the
supraoptic nucleus. After immunohistochemical staining with an
anti-neurophysin-vasopressin antibody, neurons are visible in close vicinity
to the optic tract (opt) (A; red). On the same section WGA-immunoreactive
cells are located (B; green). Merge of pictures (A) and (B) reveals that
vasopressinergic cells are labeled by the transsynaptic marker (C; yellow).
Scale bars: 50µm. Higher magnifications are shown on the insets. Scale
bars: 20µm. All pictures represent wide field images.
to the posterior pituitary (Swanson and Sawchenko, 1983). In
contrast, the AVP-producing cell population in the PVN is com-
prised not only of magnocellular neurons, which also project to
the posterior pituitary, but also of parvocellular neurons with a
smaller diameter which project to multiple extra-hypothalamic
sites (Sawchenko and Swanson, 1982; Antoni, 1993; Hallbeck and
Blomqvist, 1999). To address the question, to which of these vaso-
pressinergic cell types in the PVN the connectivity is formed,
a comparative morphological examination of the cells was per-
formed. To determine how the morphology of the two cell types
appears in our preparations, cells from the SO which is com-
prised exclusively of magnocellular neurons and the suprachias-
matic nucleus (SCh) which contains only parvocellular neurons
(Sofroniew and Weindl, 1978) were examined. On Nissl stained
sections through the SO, the magnocellular neurons appeared as
large and spindle-shaped cells, (Figure 6A) and the parvocellu-
lar neurons in the SCh were smaller and mostly round-shaped
(Figure 6F). On the Nissl stained sections through the PVN,
neurons with a magnocellular (Figure 6B) and with a parvocel-
lular (Figure 6G) appearance could be identified. Based on these
features, also the AVP-positive neurons in the PVN could be cate-
gorized into larger magnocellular (Figure 6C) and smaller parvo-
cellular (Figure 6H) cells. Double labeling experiments together
with the anti-WGA antibody (Figures 6D and I) revealed that
cells labeled by the transsynaptic marker (Figures 6E and J) are
magnocellular and parvocellular vasopressinergic neurons.
DISCUSSION
In the present study we have demonstrated that an application of
the tracer molecule DiI onto an OR37 glomerulus on the ventral
side of the MOB results in the labeling of fibers within distinct
hypothalamic nuclei, the PVN and the SO. When the lipophilic
dye molecule becomes inserted into the plasma membrane of a
given cell, it spreads within the processes of this particular cell
(Godement et al., 1987; Honig and Hume, 1989); this strongly
suggests that a direct cellular connection exists between the ven-
tral domain of the MOB and these hypothalamic nuclei. We
anticipate that after the application of the dye onto an OR37
glomerulus it comes into contact with the dendritic processes
of the bulbar projection neurons which are positioned at that
site (Shepherd, 1972) and distributes along their axonal connec-
tions into the labeled brain areas. Based on our observations that
the transsynaptic tracer WGA, which is specifically produced in
OR37C expressing OSNs, arrives within the same brain areas, we
conclude that projection neurons originating from this particu-
lar glomerulus send their axons into the identified hypothalamic
nuclei and that this connectivity is in fact monosynaptic. Since
DiI would not only label the processes of cells which project
toward those brain areas, but also those of cells which project to
the application site, it is principally possible that this approach
also stained centrifugal neurons that support efferent input to
the olfactory bulb (Davis et al., 1978; De Olmos et al., 1978).
However, the fact that we did not observe DiI-labeled cell bodies
within these particular brain nuclei and, moreover, no centrifu-
gal input from there into the MOB has been observed so far,
argues against the idea that centrifugal neurons were visualized
in this case.
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FIGURE 6 | Magno- and parvocellular vasopressinergic neurons in the
paraventricular nucleus are labeled by the transsynaptic marker.
(A) Nissl staining of a section through the supraoptic nucleus (SO) reveals
the typical morphology of magnocellular neurons; these cells are large in
diameter and exhibit a spindle-shaped morphology. (B) On Nissl stained
sections through the paraventricular nucleus (PVN), cells with a similar
morphology as shown in (A), thus magnocellular neurons, can be identified.
(C) Section through the paraventricular nucleus after incubation with an
anti-AVP antibody; neurons with a typical magnocellular morphology are
stained (D) Section shown in (C) after incubation with an anti-WGA
antibody. (E) The overlay of pictures (C) and (D) shows that this
magnocellular vasopressinergic neuron is also labeled by the transsynaptic
marker. (F) Nissl staining of a section through the suprachiasmatic nucleus
(SCh) reveals the typical morphology of parvocellular neurons; these cells
have a small diameter and are round-shaped. (G) On Nissl stained sections
through the paraventricular nucleus (PVN), cells with a similar morphology
as shown in (F), thus parvocellular neurons, can be identified. (H) Section
through the paraventricular nucleus after incubation with an anti-AVP
antibody; neurons with a typical parvocellular morphology are stained. (I)
Section shown in (H) after incubation with an anti-WGA antibody. (J) The
overlay of pictures (H) and (I) shows that this parvocellular vasopressinergic
neuron is also labeled by the transsynaptic marker. All pictures represent
wide field images. Scale bars: 10µm
In contrast to the DiI-tracing approach which revealed labeled
fibers at the PVN and the SO, the WGA-based technique stained
almost exclusively cell bodies in the same brain regions. This dif-
ference is most likely due to the different properties of the labels.
Whereas, DiI is lipophilic and integrates into the cell membrane
of the projection neurons and thus labels their axons (Godement
et al., 1987; Honig and Hume, 1989), WGA is transferred into
the synaptically coupled cells, thereby labeling also their cell body
(Yoshihara et al., 1999). Unfortunately, we could not visualize the
fibers of the projection neurons by the WGA approach, although
WGA must have been transported along their axons to reach that
site in the brain. The reason for this is currently not known;
it seems conceivable that most of the protein is transferred to
the postsynaptic cells, leaving too little material in the incoming
axons to be detectable by the applied methods.
However, both approaches together strongly support the con-
cept that projection neurons from OR37 glomeruli send their
axons directly to the PVN and the SO of the hypothalamus.
Interestingly, in the rat a direct projection of neurons from the
MOB to the SO has already been described (Smithson et al.,
1989). In these studies this neuronal connection was visible after
injection of the anterograde tracer Phaseolus vulgaris leucoagglu-
tinin into the MOB and confirmed by the retrograde transport of
rhodamine-labeled latex microspheres or the tracer Fluoro-Gold
into the MOB after injection into the SO. Electrophysiological
experiments finally supported the concept of a monosynaptic
input to the SO from the MOB (Yang et al., 1995). However,
at that time the labeling could not be attributed to a particu-
lar OR population. No evidence for a direct connection from the
MOB to the PVN was found in previous experiments (Smithson
et al., 1989). The difference to our results in the mouse could
either be due to technical reasons, for example differences of the
tracers that were employed. Alternatively, they could be due to
species differences (rat vs. mouse); it is well-established by now
that although these two species are quite related, substantial dif-
ferences exist in the organization of their nervous systems (Dorn
et al., 1981; Hirst et al., 2003; Biag et al., 2012).
It is well-known that as an important central regulator of
the endocrine system the hypothalamus receives chemosensory
information which modulates for example distinct endocrine
responses related to reproduction (Schally, 1980; Kalra and Kalra,
1983). In fact, the different chemosensory organs in the nose
transmit odor information to the hypothalamus, however, the
currently described neuronal pathways are all multisynaptic. They
include input from the accessory olfactory bulb, from where pro-
jection neurons send their axons first to the Me, which in turn
projects to distinct hypothalamic nuclei (Krettek and Price, 1978;
Kevetter and Winans, 1981; von Campenhausen and Mori, 2000;
Salazar and Brennan, 2001; Choi et al., 2005). Also theMOS sends
information via distinct regions of the olfactory cortex, such as
the anterior olfactory nucleus, the piriform cortex, and the olfac-
tory tubercle (Price et al., 1991). There is even a convergence
of accessory and main olfactory pathways at the level of the Me
which is further relayed to the hypothalamus (Pro-Sistiaga et al.,
2007; Kang et al., 2009). In contrast to these known pathways,
we now provide evidence for the existence of projection neurons
from the OR37 glomeruli in the MOB which establish a direct
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connection to the hypothalamus. It seems conceivable that signals
carried by such a monosynaptic pathway may be less subject to
modification and would thereby enable these projection neurons
to gain unmodified access to the hypothalamus.
Our molecular phenotyping approaches of the WGA-labeled
cells in the hypothalamus revealed a rather defined neuroen-
docrine cell population; interestingly, in both hypothalamic
nuclei, vasopressinergic cells were stained by the transsynaptic
marker. These results suggest that OR37 related odor informa-
tion may affect the activity of these particular cell populations.
The consequence of this influence is currently unknown, however,
meanwhile it is well established that vasopressinergic cells in these
hypothalamic nuclei not only secrete the peptide at the posterior
pituitary for osmoregulation, but also release it within the central
nervous system, either at axon terminals of the vasopressinergic
cells that project to distinct extra-hypothalamic sites (Sofroniew,
1980; Sawchenko and Swanson, 1982; Castel and Morris, 1988;
Rood and De Vries, 2011), or at their somata and dendrites
(Landgraf et al., 1995; Ludwig et al., 2005), from where it diffuses
into other brain regions. Interestingly, many studies have demon-
strated that centrally released vasopressin is crucially involved in
the regulation of distinct social behaviors (Bielsky and Young,
2004; Caldwell et al., 2008; Albers, 2012). Consistent with these
findings, the vasopressin receptor types Avpr1a and Avpr1b are
found in relevant brain areas (Ostrowski et al., 1994; Vaccari et al.,
1998) and it was shown that both receptors mediate effects of
vasopressin on social behavior (Bielsky et al., 2004; Stevenson
and Caldwell, 2012). Studies performed with Avpr1b-knock-out
mice showed for example that male and female animals were
less aggressive in a specific social context and exhibit deficits in
their olfactory-based motivation to interact with social stimuli,
although they displayed no alterations in their ability to discrim-
inate distinct odors (Stevenson and Caldwell, 2012). In rodents,
social behavior is highly dependent on olfactory cues; therefore
it is plausible that at the level of the central nervous system,
vasopressin is involved in the regulation of odor-induced social
behaviors. Our finding of a connectivity from OR37 express-
ing sensory neurons in the nose to vasopressinergic cells in the
hypothalamus raise the possibility that odor information detected
by these receptors is involved in the regulation of social behav-
iors. This idea is supported by our previous findings that OR37
projection neurons also terminate in the Me (Bader et al., 2012),
which receives chemosensory information from the vomeronasal
organ, which has long been known to be involved in the detection
of social odor cues [reviewed in Halpern and Martinez-Marcos
(2003)]. The convergence of OR37 projection neurons with the
accessory pathway in the medial amygdala thus supports the con-
cept of the OR37 receptors being involved in the regulation of
social behavior. Interestingly, there is also some evidence that
peripheral vasopressin could play a role in mediating complex
social behaviors. In a very recent study it was shown that in
cichlid fish dominant males have lower amounts of the fish-
homolog vasotocin in their pituitary and therefore produce more
urine compared to subordinate males; it was proposed that vaso-
tocin plays a key role in orchestrating different social phenotypes
(Almeida et al., 2012). Like in fish, also in mice urine is an impor-
tant mediator of social odor cues, therefore it seems possible that
vasopressin couples social odor information at the level of the
central nervous system to related physiological changes in the
periphery.
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